Taking the input and reflected waves into account, the relationship between the acoustic impedance at the end and the input of a system were theoretically analyzed. Closed and open acoustic configurations that influence the pressure, volumetric velocity, impedance and acoustic work were compared in detail. Based on the above investigation, an open-air traveling-wave thermoacoustic generator was designed and fabricated. It is composed of a looped tube, a resonator open at one end, a regenerator, and hot and cold heat exchangers. It is a small scale and simple configuration. The resonant frequency is 74 Hz at 1 bar in air. The maximum acoustic pressures at the open end and 0.5 m far away from the open end are 133.4 dB and 101 dB from a reference value of 20 μPa when the heating power was 210 W, respectively. Acoustic pressure is reasonable for practical application as a low-frequency acoustic source. In further work, we believe that the acoustic pressure at the open end can achieve 150 dB, which could be a solution to problems in existing acoustic generators. These problems include low acoustic pressure and system complexity. It can be used as a basic acoustic source for low frequency and long-range noise experiments, and as a supply for high acoustic pressures necessary for industrial sources.
The thermoacoustic principle [1] is a thermodynamic effect that occurs between compressible gases (the first medium) and solids (the second medium) in an acoustic field. It results in a time-averaged heat flow and a time-averaged work flow along (against) the sound propagation direction at penetration depths that are far from the solid boundaries. The conversion of heat to work is called thermal to acoustic effect, and the opposing process is called the acoustic to thermal effect. Based on these two effects, thermoacoustic systems can be classified as thermoacoustic engines and thermoacoustic refrigerators. A regenerator in an acoustic field can bring standing-waves [2, 3] , traveling-waves [4] [5] [6] and standing-traveling waves [7, 8] into being. In the latest two decades, engineering applications in thermoacoustic refrigeration and thermoacoustic electricity have been rapidly developed. In 1990, thermoacoustic engines first re-*Corresponding author (email: xiexiujuan@mail.ipc.ac.cn) placed linear compressors to drive pulse tube refrigerators [9] . Researchers of China have focused on large-scale thermoacoustic engines to drive pulse tube refrigerators and high-frequency thermoacoustic systems since 2000 [10] [11] [12] . Recently, a new lowest cooling temperature in liquid hydrogen, 20 K, was achieved [13] . In 2003, the thermoacoustic engine was applied in an electrical field to drive a linear AC generator [14] . Luo's groups [15] investigated thermoacoustic electricity prototypes and linear generators, which is capable of producing electric powers in the hundreds of watts.
For acoustic configurations, thermoacoustic components such as regenerators and heat exchangers can be inserted into a closed resonator to create many types of thermoacoustic engines. The closed configuration can be filled with gases at MPa mean pressures. The gas types that can be used are flexible, including nitrogen, helium, argon, and a He-Ar mixture. The highest mean pressure that has been used is 5.5 MPa [14] . However, only thermoacoustic components that can withstand these pressures can be used. Thermoacoustic powers generally scale with p m aA, which is a dimensionless reference. Hence, for a given pressure ratio |p 1 |/p m , a high mean pressure and high acoustic speed of gases yield a high power per unit volume of the system. Light gases also have a high thermal conductivity, which leads to higher penetration depths and, consequently, larger regenerator and heat exchanger gaps. This allows for easier heat exchanger fabrication, which is advantageous for closed thermoacoustic engine applications [16] . However, the closed configuration is restrictive in the output of acoustic waves in open spaces. Therefore, some researchers have given their attention to developing other applications.
In 2010, Slaton [17] constructed an open-air standingwave thermoacoustic system. The maximum acoustic pressure radiated from the open end of their resonator corresponded to 81 dB Sound Pressure Level (SPL) ref 20 μPa (1 μPa = 10 -6 Pa) for an input electric power of 276 W. He concluded that a higher power version of that device may be used as a continuous source at low frequency. The standing-wave thermoacoustic system is a simple configuration and allows for easy oscillation, because of the relatively low required onset temperature. However, theoretically, the thermal efficiency of this system is lower than that of a traveling-wave thermoacoustic system because the standing-wave system has an irreversible thermal cycle [16] . Therefore, the performance of this open standing-wave system is limited. Compared with an open standing-wave system, an open traveling-wave thermoacoustic system has a higher onset temperature and is more difficult to design. However, this system can be used to design as acoustic generator with higher power output, because of its Stirling thermal cycle. This can significantly increase the maximum acoustic pressure compared with Slaton's system.
Investigations into open-air thermoacoustic systems are in their initial phases. In addition, a comparable closed system has not been reported in the literature. Therefore, we propose an open-air traveling-wave thermoacoustic generator. In this paper, taking the input and reflected waves into account, a theoretical model on the acoustic impedance at the end and at the input of the system were derived by solving the acoustic propagation equation. 
Open-air traveling-wave thermoacoustic generator
The acoustic configuration of the traditional traveling-wave thermoacoustic engine is composed of a looped tube and a closed resonator. Thermoacoustic components such as regenerators and heat exchangers are inserted into the looped tube as shown in Figure 1 (a). We adopted an open resonator in our traveling-wave thermoacoustic generator. The acoustic wave propagates in the open-air space, which is shown in Figure 1 (b). The essential difference between the closed and open acoustic configurations is the end of resonator. A closed thermoacoustic system has a stable boundary condition. Different mean pressures and gas types can be used and can be adjusted for performance optimization according to the needs of the intended application. An open thermoacoustic system is open to the atmosphere, meaning the operating parameters are limited because the system must operate at 1 bar in air. Therefore, in this paper, the differences between the closed and open acoustic configurations are emphasized.
Theoretical comparisons of closed and an open acoustic configuration
The thermoacoustics that occur in the regenerator of looped tube can be simplified and treated as an acoustic source to analyze the influence of the closed or an open acoustic configuration in the system. These configurations are shown are in Figure 1 (a) and (b). The continuity of the pressure and the velocity are assured at the surface of the looped tube that is connected to the resonator. This surface, namely the input of the resonator, is set to be the origin of the x-coordinate. Here, the acoustic impedance is Z a0 . The length of resonator is l, and the acoustic impedance at the end of resonator is Z al . This simple acoustic configuration is shown in Figure 2 . The work produced by the thermoacoustic effect in regenerator in the looped tube is transferred to the resonator. 
where pressure amplitude is 
Combining eqs. (1) and (2), the specific acoustic impedance along the resonator is found to be 
We can eliminate p ai and p ar by putting the specific acoustic impedances at x=0 and x=l into eq. (3). Also, the specific acoustic impedance at x=0 can be expressed as one at x=1. From this we find
Therefore, the acoustic impedance at x=0 can be expressed as one at x=1:
where A is the cross-sectional area, ρ 0 and a 0 are the density and acoustic speed of the gas, respectively.
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is complex wave number. ω and γ are the angular frequency and ratio of isobaric and isochoric specific heats, respectively. Here, 
Eq. (6) shows that the characteristics at the input the resonator are related to the value kl. The length of resonator is usually chosen to be in the range l=(1/4-1/2)λ in the thermoacoustic system. Then,
where λ is the wavelength. The acoustic impedance is a function of the dimensions of the resonator, the mean pressure, the resonant frequency and the properties of the gas. 
Eqs. (6) and (7) show that the acoustic impedance at the input of the resonator is correlated with the dimensions of the resonator, the mean pressure, the resonant frequency and the properties of the gas. Therefore, for given resonator dimensions and a fixed resonant frequency, the differences between a closed and an open acoustic configuration can be quantitatively analyzed based on the linear thermoacoustic model [16] . We concluded from the above investigations that the open system has a higher |p 1 |, |U 1 | and Ė 2 relative to the closed system at the same pressure. |p 1 | and Ė 2 are lower in the 1 bar open system compared with those in the 5 bar closed system. It is difficult to design an open system, because of the rapid losses in |p 1 | and Ė 2 at the open end. Fortunately, acoustic radiation can be used for long-range propagation, which was not included in this model. Therefore, it is optimal for a 1/4 wavelength system to use acoustic amplified components to improve the performance of the system. Based on linear thermoacoustic equations [16] and the above analysis, an open-air traveling-wave thermoacoustic generator was designed and fabricated.
Experimental setup
The experimental setup of the open-air traveling-wave thermoacoustic generator is shown in Figure 6 and is composed of three parts: a looped tube, a resonator and a cone. The looped tube is composed of a compliance tube, inertance tube and some thermoacoustic components. These include a hot and cold heat exchangers and a regenerator. Eight piezoelectric pressure sensors for measuring the pressure amplitude are placed along the system, and are indicated as P 1 -P 8 in Figure 6 . In the looped tube, the pressure drop in heat exchanger, compared with that in the regenerator, was small and negligible. Therefore the pressure, which was measured using sensor P 1 as a reference, was distributed at the input of cold heat exchanger. Sensor P 2 was placed at the output of the compliance tube to measure the pressure drop. Pressure sensors P 3 -P 8 were used to measure pressure losses in the inertance tube, through regenerator, thermal buffer tube and resonator, respectively. In addition, measured pressures could be analyzed using the acoustic field distribution and pressure waveform. Sensor P 9 was an acoustimeter with high sensitivity, which was used to acquire the acoustic pressure far away from the output of the resonator. Thermocouples T 1 -T 3 were placed in the middle of heater and at the two ends of regenerator. They were used to simultaneously measure the temperature at the two ends of regenerator and the onset temperature of system. T 1 and T 2 were Ni-Cr thermocouples, and T 3 was a Cu-Cu thermocouple. The looped tube assured that the phase difference in pressure that generates the volumetric velocity near the regenerator is matched to the traveling-wave phase. The gas parcel initiates the Stirling thermal cycle within the penetration depth of the regenerator. The resonator stabilizes the resonant frequency, increases the acoustic impedance near the regenerator, and transfers the acoustic power. The cone improves the SPL at the output of system. This generator is smaller than 1 m in length and 0.3 m in height.
Results and discussion
The pressure amplitudes |p 1 |, which were measured using P 1 -P 8 , are shown in Figure 7 . During these measurements, the heating power was 210 W. In Figure 7 , it can be seen that |p 1 | was at its maximum near the cold heat exchanger. Along counterclockwise direction in the looped tube, |p 1 | steadily decreased from P 2 to P 5 , and in the resonator from P 6 to P 8 . The peak-to-peak pressure amplitude (P-P pressure Unfolding the looped tube in counterclockwise direction along the compliance tube, the inertance tube was at a negative position in x, and in the clockwise direction, the cold heat exchanger, regenerator, thermal buffer tube and resonator were at positive positions in x. The pressure amplitude along the length of the system was analyzed and shown in Figure 8 for various heating powers. The P-P pressure amplitude increased as the heating power increased. The resonant frequency was 74 Hz, and the acoustic speed was 347 m/s when the ambient air temperature was 300 K. Therefore the wavelength of system was λ=a/f, Table 2 for heating powers of 145 W and 210 W with and without the cone.
Using the cone significantly decreased the onset temperature and the temperature in the heater. The absolute temperature ratio between the two ends of regenerator is defined as τ=T h /T c . The acoustic power has a direct ratio with τ. A lower temperature in the heater means that more heating power can be added to the system, which is important for achieving a large τ. Therefore, more acoustic power and a higher SPL can be acquired with the cone. With further investigations into the configuration and the line type of the cone, the SPL at the open end of the resonator could be optimized.
Conclusions
In this paper, we designed and fabricated an open-air traveling-wave thermoacoustic generator. This design has the advantages of being small and having a simple configuration. We compared the closed and open acoustic configurations in detail. We modeled the effects on the pressure, volumetric velocity, impedance and acoustic work. We concluded that the open system has a higher |p 1 for a heating power of 210 W, respectively. This is suitable for practical use as a low-frequency acoustic source. In future work, we hope to achieve an SPL of 150 dB. At this level, the device could be a possible solution for some of the problems of existing acoustic generators, which include low acoustic pressures and system complexity. We believe this system can be used as a basic acoustic source for low frequency and long-range noise experiments, and as a supply for high acoustic pressures for studying industrial sources and vibrations.
